Abstract: Treatment with phorbol esters such as 12-0-tetradecanoylphorbol acetate (TPA) rapidly enhances [3H]norepinephrine secretion from digitonin-permeabilized adrenal chromaffin cells. When TPA treatment was prolonged for several hours, a second distinct enhancing effect was observed. This later enhancement was most prominent at intracellular Ca2+ concentrations of 3-30 pA4, and did not require the continued presence of membrane-bound protein kinase C for its expression. The effect could be elicited by as little as 30-min exposure to TPA, followed by several hours in TPAfree medium. This effect ofTPA was blocked by actinomycin D and cyclohexirnide, indicating a requirement for RNA and Protein kinase C has been proposed to play a role in exocytosis from a variety of cell types, including platelets (Castagna et al., 1982) , neutrophils (Kajikawa et al., 1983) , and adrenal chromaffin cells (Knight and Baker, 1983; Pocotte et al., 1985; Brocklehunt et al., 1985) . The phorbol ester 12-0-tetradecanoylphorbol acetate (TPA) causes translocation of protein kinase C to membrane and persistent activation of the enzyme in chromaffin (TerBush and Holz, 1986 ) and other cells (Kraft and Anderson, 1983) . In permeabilized chromaffin cells, the activation of protein kinase C results in secretion becoming more sensitive to Ca2+ (Knight and Baker, 1983; Pocotte et al., 1985). Prolonged activation of protein kinase C by micromolar TPA is known to down-regulate the enzyme in a number o f cell types (Ballester and Rosen, 1985; Melloni et al., 1986; Matthies et al., 1987) . In chromafin cells the loss of substantial amounts of protein kinase C had little or no effect on Caz+-dependent catecholamine secretion (Bittner and Holz, 1986). In this study we examine the effects on secretion of prolonged exposure protein synthesis. Similar effects were seen when intact cells that had been pretreated with TPA were stimulated to secrete by depolarizing concentrations of K+. Thus, protein kinase C enhances secretion by two mechanisms. One is rapid and probably reflects the effects of immediate protein phosphorylation. The other occurs over several hours and requires gene transcription and protein synthesis. to much lower concentrations of TPA. We demonstrate for the first time an effect of TPA on exocytosis which requires gene transcription, and does not depend on the continuous presence of activated protein kinase C.
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to much lower concentrations of TPA. We demonstrate for the first time an effect of TPA on exocytosis which requires gene transcription, and does not depend on the continuous presence of activated protein kinase C.
MATERIALS AND METHODS
Primary dissociated cells from bovine adrenal medulla were prepared, purified by differential plating, and maintained as monolayer cultures in 6.4-mm diameter collagen-coated culture wells at a density of 500.000 cells/cm*. Cells were prepared and plated in the presence of 1.3 pg/ml Fungizone (Squibb). At least 12 h prior to the start of an experiment. the culture medium was replaced by medium without Fungizone. Experiments were performed 4-8 days after preparation of cultures.
The physiological salt solution (PSS) used in some exper-lution (KGEP) used for secretion experiments contained 139 mM potassium glutamate, 20 mM piperazine-NJ"'bis(2-ethanesulfonic acid) (PIPES) (pH 6.6), 5 mM EGTA with 20 ~L M digitonin, 1 mM MgClz, 2 mM MgATP, 0.5% bovine serum albumin (BSA), and CaC12 to yield the desired concentrations of free Ca*+. At the end of an experiment, the incubation solutions were removed, the cells were lysed in 1% Triton X-100, and the ['Hlnorepinephrine in the incubation and cell solutions was determined by liquid scintillation spectrometry. The total ['H] The homogenizing buffer for the protein kinase C assay contained 139 mM potassium glutamate, 5 mM EGTA, 20 mM PIPES (pH 6.6), 50 pdml leupeptin, and 2 W d i t h i othreitol. Samples (0.02 ml) were diluted 10-fold into an assay solution with the following final concentrations of components: 14 mMpotassium glutamate, 20 &PIPES (pH 6.6), 10 mMMgC12, 10 Wdithiothreitol, 0.8 mdml BSA, 5 p u ml leupeptin, 25 pM 2-rnercaptoethano1, 0.01% Triton X-100,30 pA4 ATP (-300,000 cpm of [y-"P]ATP), 50 puml histone Type 111-S and 0.5 mM EGTA k 0.8 mMCaC12, 167 puml phosphatidylserine, and 26.7 pgml 1,2-diolein. After 10 rnin at 30"C, the incubation was stopped by the addition of 5% trichloroacetic acid containing 0.25% sodium tungstate, 15 mM NaH2P04, and 2 & ATP. BSA was added, and the precipitate was centrifuged, and redissolved in 0.5 M NaOH. The precipitation/resuspension procedure was repeated twice, and the radioactivity in the resuspended pellets was determined. Protein kinase C activity was defined as the difference between the activity in the presence of Ca2+ and phosphatidylserine/diglyceride and the activity in the presence of phosphatidylserine/diglyceride without Ca". The kinase activity measured was >90% Caz+-and phospholipid/diglyceride-de- 
RESULTS
Pretreatment of cultured chromaffin cells with 30 nM TPA for 30 rnin enhanced Ca2+-dependent [3H]norepinephrine secretion (Fig. 1 A) . The relative enhancement was particularly marked at low CaZ+ concentrations (0.3-1 .O p M ) , with a several-fold increase in Ca2+-dependent secretion. When the preincubation with phorbol ester was continued for 24 h, the enhancement of secretion at 10 and 30 pM Ca2+ was greatly increased without a significant change in the enhancement at 5 1 pM Ca2+ (Fig. 1B) . The increased enhancement of secretion at 10-30 pM Ca2+ was also observed after an 8-h preincubation with TPA (data not shown). Similar effects were seen with phorbol dibutyrate (PDBu), but not with the inactive phorbol ester, 4@-phorbol 13-monoacetate (data not shown), After short (1-30 min) preincubations with TPA, the immediate enhancement of secretion is correlated with an increase in the amount of protein kinase C that becomes bound to the membrane (TerBush and Holz, 1986; TerBush et al., 1988) . We therefore examined the subcellular distribution of protein kinase C after 18-24 h of 30 nM TPA. Whereas prolonged incubation with higher concentrations of TPA (e.g., 2 1 p M ) decreases protein kinase C activity by 85-9095 (Bittner and Holz, 1986) , 30 nM TPA had little or no effect on the total amount of protein kinase C measurable after 18-24 h of TPA treatment.* In the experiment shown in Fig. 2 , chromaffin cells were preincubated with 30 nM TPA for 18 h, at which time some of the cultures had the TPA-containing medium re-' In the experiments described in this article, 18-24 h treatment with 30 nM TPA had no effect on the total protein kinase C activity. In a few other studies, this concentration of TPA reduced the total measurable protein kinas C activity by 25-30%. placed with TPA-free medium (dashed line, filled symbols). During the 6 h following the removal of TPA, the percentage of membrane-bound protein kinase C returned to the level seen in untreated cells (unfilled circle) (Fig. 2C) . The enhancement of secretion at 0.6 pM Ca2+ was also reversed during the same period (Fig. 2B) . In contrast to the reversibility of the effects of TPA on secretion stimulated by 0.6 pM Ca2+, TPA's enhancement of secretion at 10 pM Ca2+ persisted long after the removal of TPA (Fig. 2A) . Even a 30-min exposure to 30 nM TPA followed by a 15.5-h incubation without TPA was sufficient to elevate secretion in response to 10 pM Ca2+ (Table 1) . Thus, the enhancement of secretion at 10 pMCa2+, which requires time to develop, does not require the continued presence of membrane-bound protein kinase C. In contrast, the enhancement seen at 0.6-1 pM Ca2+ is related to membrane-bound enzyme.
Experiments similar to those shown in Fig. 2 were conducted with PDBu (100 M). As might be expected with this more water-soluble phorbol ester, on removal of PDBu both the loss of membrane-bound protein kinase C and the loss of the enhancement of secretion at 0.6 pM Ca2+ were more rapid than with TPA. Because the effects on secretion were more consistent with TPA than with PDBu, most experiments were performed using TPA.
The immediate enhancement of secretion from permeabilized cells induced by a 30-min incubation with TPA did not require protein synthesis. For example, in a typical experiment cells were preincubated with or without the protein synthesis inhibitor cycloheximide (CHX) (1 pg/ml) for 30 min, followed by incubation with or without TPA (30 nM) for an additional 30 min (in the continuing presence or absence of 5 pgf ml CHX). TPA increased the secretion stimulated by 1 pM Ca2+ from 14.1 -I 0.7% to 22.5 k 0.5% in the absence of CHX and from 14.6 * 0.3% to 23.8 k 0.6% in the presence of CHX. At 10 pMCa*+, TPA increased Ca'+-dependent secretion from 34.9 -I 0.6% to 39.4 k 0.7% in the absence of CHX and 34.6 * 0.5% to 39.8 f 0.7% in the presence of CHX. However, the enhancement of secretion induced after longer incubations in TPA was inhibited by CHX (Fig. 3A) . TPA alone caused a continuing increase in Ca*+-dependent secretion over 10 h. CHX caused a small inhibition of secretion in the absence of TPA. and significantly inhibited the TPA-induced increment in secretion by 10 h. The experiment shown in Fig. 3B was performed to determine whether the small TPA-induced enhancement of secretion in the presence of CHX in Fig. 3A required continuous incubation with TPA. In addition, it was designed to determine whether untranslated messenger RNA in TPA-and CHX-treated cells can be expressed to increase secretion after TPA and CHX are removed. The experiment was done in parallel with that in Fig. 3A and was performed identically, except that, after 4 h (first arrow), the TPA-containing medium was replaced with fresh medium with or without CHX (5 purnl). Thus, after the initial 4-h incubation, none of the incubation media contained TPA. At LO h (second arrow), the medium on the cells was replaced with drug-free medium (no TPA, no CHX). As discussed above, in the absence of CHX, removal of TPA after 4 h had no effect on the subsequent enhancement of secretion (filled circles), which remained elevated throughout the 22-h period. When TPA was removed from the cells after 4 h in the continued presence of CHX, secretion returned to control levels by 10 h (filled square). This drop indicates that the small enhanceo . , ment observed at 4 h in the presence of CHX and TPA was probably due to an effect of membrane-bound protein kinase C. Finally, when CHX was removed from cells after 10 h (second arrow) to allow translation to occur (TPA having been removed at 4 h), secretion was enhanced at 22 h (filled square at 22 h compared to filled square at 10 h). Thus, mRNA for a stimulatory protein was probably being transcribed during the incubation with phorbol ester and CHX, but was not translated until CHX was removed. The RNA synthesis inhibitor actinomycin D (Act D) was used to examine the effect of inhibiting RNA synthesis on the long-term enhancement by TPA. Like CHX, Act D did not prevent an initial increase in secretion due directly to membrane-bound protein kinase C, but it did abolish the large enhancement of secretion seen at later times (data not shown). However, unlike the results with CHX in Fig. 3B , secretion did not increase in TPA-treated cells after Act D was removed. Presumably, mRNA induced by TPA in the CHXtreated cells was stable and resulted in synthesis of a protein important for secretion after CHX is removed. Act D prevented the induction of the message.
Treatment with CHX or Act D, either alone or in combination with 30 nM TPA, had no effect on the total protein kinase C activity in the cells. After a 2 1 -h incubation with various agents, values for protein kinase C activity (nmol 32P from [y-32P]ATP incorporated/ 10 min/ 150,000 cells) were: no TPA or CHX, 2.30 f 0.05; 30 nM TPA, 2.24 f 0.04; 5 pg/ml CHX, 2.24 +_ 0.03; TPA + CHX, 2.19 2 0.05.
The short-and long-term effects of TPA preincubation could be observed when intact cells were stimulated to secrete by depolarization with 56 mM K+. A 10-min preincubation of cells with 30 nM TPA enhanced K+-stimulated secretion (Fig. 4) . This enhancement appeared to be due to membrane-bound protein kinase C, because it was reversed when cells were rinsed in drug-free medium for 5 h (Fig. 4) . In addition, the rapid enhancement of K+-stimulated secretion by TPA was not blocked by inhibiting protein synthesis (Fig. 5A) . Figure 5B demonstrates that the slowly developing effect of TPA results in an increase in secretion that does not require continuous incubation with TPA but does require protein synthesis. When cells were incubated f C H X (1 pg/ml) for 30 min, then incubated f T P A (30 nM) & CHX (5 pg/ml) for 10 h, and finally incubated f C H X (2 pg/ml) in the absence of TPA for 12 h, K'-stimulated secretion was enhanced by TPA only in those cells in which protein synthesis was not inhibited (Fig. 5B) . Note that in Fig. 5B secretion was stimulated 12 h after TPA had been removed. Thus, the effects of prolonged treatment with low concentrations of TPA on secretion elicited by depolarization in intact cells were analogous to the effects described for digitonin-permeabilized cells, which required protein synthesis but not the continuous presence of membrane-bound protein kinase C. In some of the wells, secretion was assayed immediately after this 10 min incubation (-rinse), whereas in others, the treatment medium was removed, and the cdls cultured in drugfree medium for 5 h before assay (+ rinse). Secretion induced by depolarization was determined by stimulating cells for 2 min in PSS containing either normal (5.6 mM) or elevated (56 mM) K' . 
DISCUSSION
These experiments indicate that activation of protein kinase C can lead to a prolonged enhancement of the ability of cells to undergo exocytosis which does not require the continued presence of membrane-bound protein kinase C. The enhancement is detectable in intact chromaffin cells stimulated to secrete by elevated K', as well as in digitonin-permeabilized cells. The effects described are not due to an alteration in the total amount of the enzyme remaining in the cells, because, as mentioned above, there was little or no change in total protein kinase C activity in these experiments. In fact, when protein kinase C was down-regulated by higher concentrations of TPA, the long-term enhancement was still evident, even when total protein kinase C activity was reduced by >50%.
Many cell types contain more than one subtype of protein kinase C (Nishizuka, 1988) . We have recently determined that chromaffin cells contain mainly the a subtype (B. Strulovici, M. A. Bittner, and R. W. Holz, manuscript in preparation). There are also small amounts of p and t subtypes. All subtypes partially translocated to the membrane in the presence of 30 n M TPA and none were specifically down-regulated during long incubations with 30 nM TPA. Thus, the long-term effects of low concentrations of TPA cannot be explained by changes in the proportion of the various protein kinase C subtypes in the cells.
TPA can either increase (Stump0 et al., 1988; Kley, 1988) or decrease (Salehi et al., 1988) . The present study is the first to demonstrate that an effect of TPA on secretion requires gene transcription. Thus, in the permeabilized chromaffin cell, we can distinguish between two types of effects of phorbol ester treatment. The first, prominent at 1 1 pM free Ca", develops within minutes, is unaffected by inhibition of protein or RNA synthesis, and is correlated with the amount of membrane-bound protein kinase C. It is probably directly and immediately dependent on protein phosphorylation. The second develops over a period of hours, is blocked by inhibition of protein and RNA synthesis, and is independent of the continuous activation of protein kinase C.
Earlier studies have addressed the functional significance of the first effect (Knight and Baker, 1983; Pocotte et al., 1985; Brocklehurst et al., 1985; TerBush and Holz, 1986; Lee and Holz, 1986; Brocklehurst and Pollard, 1986; TerBush et al., 1988) . It is possible that the persistent enhancement of secretion we observe in chromaffin cells may represent a general, delayed response to activation of protein kinase C in a variety of secretory cells. For example, long-term potentiation (LTP), the long-lived increase in synaptic strength evoked by brief high-frequency stimulation in the h i p pocampus, has been linked to the activation of protein kinase C Malenka et al., 1986; Lovinger et al., 1986 Lovinger et al., , 1987 Hu et al., 1987; Malinow et al., 1988) . Lovinger and Routtenberg and their colleagues (1987) (1 pg/ml) for 30 min. and then incubated for 10 h with or without 30 nM TPA and in the continuing presence or absence of CHX (5 gg/ml). At 10 h. the medium was replaced with fresh medium with or without 2 pg CHX/ml, but without TPA, and cells maintained for an additional 12 h before assaying secretion as described for itors can prevent the maintenance of LTP when given prior to or shortly after LTP initiation, but are ineffective when injected 4 h after LTP. This is consistent with the long-term enhancement of secretion seen after prolonged TPA treatment in chromaffin cells, where the continued presence of activated protein kinase C is not required for the effect (Fig. 2) . Several hours would provide sufficient time for newly synthesized proteins in the cell body to reach the nerve terminals via fast axonal transport. There is also evidence that protein synthesis inhibitors block the maintenance of LTP (Krug et al., 1984 ; Stanton and Sarvey, 1984) . It is tempting to speculate that a mechanism involving protein synthesis subsequent to protein kinase C activation might play a role in the maintenance of LTP in neuronal cells.
